Abstract. Evidence suggests the existence of a close relation between lipid metabolism and bone remodeling. We hypothesized that polymorphisms of genes that play a role in lipid metabolism, such as those for forkhead box C2 (FOXC2) and perilipin (PLIN), might affect bone mineral density (BMD). We thus examined the possible relationships between a -512C→T polymorphism of FOXC2 and a 1243C→T polymorphism of PLIN to BMD in communitydwelling Japanese women and men. The subjects (1129 men, 1114 women for FOXC2; 1122 men, 1112 women for PLIN) were aged 40 to 79 years and were randomly recruited to a population-based prospective cohort study of aging and agerelated diseases in Japan. Genotypes for FOXC2 and PLIN were determined with a fluorescence-based allele-specific DNA primer assay system. The -512C→T polymorphism of FOXC2 was associated with BMD for the distal and proximal radius in men and in premenopausal women as well as with BMD for the distal radius and total body in postmenopausal women, with the T allele being related to reduced BMD. The 1243C→T polymorphism of PLIN was associated with BMD for the total body, lumbar spine, femoral neck, and trochanter in men, with the C allele being related to reduced BMD. This polymorphism of PLIN was not associated with BMD in all women. These results suggest that FOXC2 is a susceptibility locus for reduced BMD in Japanese men and women, and that PLIN constitutes such a locus in Japanese men.
Introduction
Osteoporosis, a major health problem of the elderly, is characterized by a reduction in bone mineral density (BMD) and a deterioration in the microarchitecture of bone, both of which result in predisposition to fractures (1) . Although reproductive, nutritional, and lifestyle factors influence BMD, family and twin studies have suggested that BMD is largely heritable and under the control of multiple genes (2) (3) (4) . Personalized prevention of osteoporosis and osteoporotic fractures is an important public health goal, one approach to which is to identify disease susceptibility genes. Although genetic linkage analyses (5-7) and candidate gene association studies (7) (8) (9) (10) have implicated various loci and genes in predisposition to osteoporosis or fractures, the genes that confer susceptibility to this disease remain to be identified definitively. In addition, because of ethnic differences in gene polymorphisms as well as in lifestyle and environmental factors, it is important to examine polymorphisms related to BMD in each ethnic group.
Bone loss is associated with an expansion of adipose tissue in bone marrow (11) , and osteoblasts and adipocytes share a common progenitor derived from stromal cells in bone marrow (12) . Products of lipoprotein oxidation and an atherogenic diet also inhibit preosteoblast differentiation and result in reduced bone mineralization (12, 13) . In addition, lipid-lowering agents (statins) stimulate bone formation and inhibit bone resorption, resulting in the prevention of both bone loss and osteoporotic fractures (14) . Early postmenopausal women with an atherogenic serum lipid profile were found to have a lower BMD for the lumbar spine or femoral neck and an increased risk of osteopenia compared with those with a normal lipid profile (15) . Postmenopausal women with increased plasma concentrations of low density lipoprotein (LDL) cholesterol have also been shown to be at greater risk of developing osteopenia than are those with normal concentrations, suggesting that an increased plasma level of LDL-cholesterol is a risk factor for reduced BMD (16) . These observations suggest the existence of a close relationship between lipid metabolism and bone remodeling as well as demonstrating adverse effects of an atherogenic lipid profile on the latter. We thus hypothesized that polymorphisms of genes that play a role in lipid metabolism, such as those for forkhead box C2 (FOXC2) and perilipin (PLIN), might affect BMD.
FOXC2, a forkhead-winged helix transcription factor, is a key regulator of adipocyte metabolism (17) . Transgenic mice that overexpress FOXC2 specifically in white and brown adipocytes manifest a lean and insulin-sensitive phenotype.
In these mice, deposition of white adipose tissue in the abdomen is reduced, with such tissue also exhibiting a brown fat-like histology, whereas interscapular brown adipose tissue is hypertrophic. Increased expression of FOXC2 in adipocytes had pleiotropic effects on the expression of genes important in cellular differentiation and metabolism, insulin action‚ adrenergic sensitivity, and intracellular signaling. These various FOXC2-dependent changes appeared to confer protection against obesity. Furthermore, increased FOXC2 expression induced by a high-fat diet in wild-type mice seems to counteract most of the signs associated with obesity, including hypertriglyceridemia and diet-induced insulin resistance, suggesting that this gene might also protect against type 2 diabetes (17). These findings suggest that FOXC2 is a candidate gene for predisposition to obesity and type 2 diabetes mellitus, and that it may also play a role in bone remodeling.
Perilipins are a family of proteins that coat intracellular lipid droplets. Expression of PLIN is largely restricted to adipocytes and steroidogenic cells (18, 19) , and it appears to function primarily in the regulation of intracellular lipolysis in adipocytes (20, 21) . Perilipin promotes cellular storage of triglycerides by reducing the rate of triglyceride hydrolysis, and it also controls the release of triglycerides when requried. The absence of PLIN confers a lean phenotype and counterbalances both genetic and diet-induced obesity in mice (22, 23) . In contrast, increased expression of PLIN correlates with increased adiposity in humans (24) . PLIN is thus implicated as a candidate gene for human obesity, and it may therefore also affect bone remodeling.
We have been attempting to identify gene polymorphisms that are significantly associated with BMD in Japanese women or men in a population-based study. In the present study, we examined the relationship with polymorphisms of FOXC2 and PLIN to BMD, even though there is no apparent biological link between these genes. Our aim was to identify a single polymorphism significantly associated with BMD for each gene. Among several polymorphisms previously identified, the -512C→T polymorphism of FOXC2 and the 1243C→T polymorphism of PLIN have been shown to potentially affect gene function (25, 26) . We thus examined the relations of these polymorphisms to BMD in Japanese women and men in our population-based cohort.
Materials and methods
Study population. The National Institute for Longevity Sciences-Longitudinal Study of Aging is a population-based prospective cohort study of aging and age-related diseases (27) . The subjects are stratified by both age and sex, and are randomly selected from resident registrations in the city of Obu and town of Higashiura in central Japan (28, 29) . The lifestyle of residents in this area is typical of that of Japanese individuals. The numbers of men and women recruited were similar and ages at the baseline were 40 to 79 years, with similar numbers of participants in each decade (40s, 50s, 60s, 70s). The subjects were followed up every 2 years. All participants were subjected at a special center to a detailed examination, which included not only medical evaluation but also assessment of exercise physiology, body composition, nutrition, and psychology. Individuals with disorders known to cause abnormalities of bone metabolism, including diabetes mellitus, chronic renal failure, rheumatoid arthritis, as well as thyroid, parathyroid, adrenal, and other endocrine diseases, or those who had taken drugs that affect bone metabolism, such as estrogen, glucocorticoids, bisphosphonates, vitamin D, and statins, were excluded from the present study. Individuals whose genotypes were not successfully determined (nine individuals for PLIN) were also excluded from the analysis.
We examined the relationship of BMD at various sites to the -512C→T polymorphism of FOXC2 (NCBI, Y08223, nt685) in 2243 individuals (1129 men, 1114 women) and to the 1243C→T polymorphism of PLIN (NCBI, dbSNP, rs2304796) in 2234 individuals (1122 men and 1112 women). In addition, to uncover potential differences between women according to menopausal status, we conducted all analyses separately for premenopausal and postmenopausal women. Menopausal status was evaluated with a detailed questionnaire, and menopause was defined as complete cessation of menstruation. The study protocol complies with the Declaration of Helsinki and was approved by the Committee on Ethics of Human Research of the National Institute for Longevity Sciences. Written informed consent was obtained from each subject.
Measurement of BMD.
BMD at the radius was measured by peripheral quantitative computed tomography (pQCT) (Desiscan 1000; Scanco Medical, Bassersdorf, Switzerland) and was expressed as D50 (BMD for the inner 50% of the cross-sectional area of the distal radius, comprising mostly cancellous bone), D100 (BMD for the entire cross-sectional area of the distal radius, including both cancellous and cortical bone), and P100 (BMD for the entire cross-sectional area of the proximal radius, consisting mostly of cortical bone). BMD for the total body, lumbar spine (L2-L4), right femoral neck, and right trochanter was measured by dual-energy X-ray absorptiometry (DXA) (QDR 4500; Hologic, Bedford, MA). The coefficients of variation of the pQCT instrument for BMD values were 0.7% (D50), 1.0% (D100), and 0.6% (P100), and those of the DXA instrument were 0.9% (total body), 0.9% (L2-L4), 1.3% (femoral neck), and 1.0% (trochanter).
Determination of genotype. Genotypes for FOXC2 and PLIN
were determined with a fluorescence-based allele-specific DNA primer assay system (Toyobo Gene Analysis, Tsuruga, Japan) (30) . The polymorphic region of FOXC2 was amplified by the polymerase chain reaction with sense primers labeled at the 5' end with either fluorescein isothiocyanate (5'-AACT CGCTTTCAGCAAGAAGXCT-3') or Texas red (5'-ACTC GCTTTCAGCAAGAAGXTT-3') and with an antisense primer labeled at the 5' end with biotin (5'-AGGCCAAGTCC CTTTTAGGGA-3'). The polymorphic region of PLIN was amplified with allele-specific sense primers labeled at the 5' end with either fluorescein isothiocyanate (5'-CCTCCCCTT GGTTGAGGXGA-3') or Texas red (5'-GCCCTCCCC TTGGTTGAGGXAA-3') and with an antisense primer labeled at the 5' end with biotin (5'-AGGGAGGGTGC TGCACCTCAC-3'). The reaction mixture (25 μl) contained 20 ng of DNA, 5 pmol of each primer, 0.2 mmol/l of each deoxynucleoside triphosphate, 4 (for FOXC2) or 3.5 (for PLIN) mmol/l MgCl 2 , and 1 U of rTaq DNA polymerase (Toyobo, Osaka, Japan) in polymerase buffer. The ampli-fication protocol comprised initial denaturation at 95˚C for 5 min; 35 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C (for FOXC2) or 67.5˚C (for PLIN) for 30 sec, and extension at 72˚C for 30 sec; and a final extension at 72˚C for 2 min. The amplified DNA was then incubated in a solution containing streptavidin-conjugated magnetic beads in the wells of a 96-well plate at room temperature, and the plate was placed on a magnetic stand. The supernatants from each well were transferred to the wells of a 96-well plate containing 0.01 mol/l NaOH and were measured for fluorescence with a microplate reader (Fluoroscan Ascent; Dainippon Pharmaceutical, Osaka, Japan) at excitation and emission wavelengths of 485 and 538 nm, respectively, for fluorescein isothiocyanate and of 584 and 612 nm, respectively, for Texas red.
Statistical analysis. Statistical analysis was performed with SAS software (SAS Institute, Cary, NC). Data were compared among three genotype groups by one-way analysis of variance and the Tukey-Kramer post hoc test, and between two groups (dominant or recessive model) by the unpaired Student's t-test. BMD values were compared among genotypes for each polymorphism with adjustment for age, height, and body weight by the least squares method in a general linear model. Allele frequencies were estimated by the gene-counting method, and the chi-square test was used to identify significant departure from Hardy-Weinberg equilibrium. The effect of genotype for each polymorphism on BMD was evaluated by single regression analysis; P values and R 2 were calculated from analysis of genotype for FOXC2 (CC=0, CT=TT=1 for men; CC=CT=0, TT=1 for women) or PLIN (CC=CT=0, TT=1). A P value of <0.05 was considered statistically significant.
Results
Relationship between the -512C→T polymorphism of FOXC2 and BMD. The distribution of -512C→T genotypes of FOXC2 was in Hardy-Weinberg equilibrium, and age, height, and body weight did not differ among genotypes, for all men (Table I) . Among all men, BMD for D50, with adjustment for age, height, and body weight, was greater in individuals with the CC genotype than in those with the CT genotype, the TT genotype, or in the combined group of CT and TT genotypes (Table I) . BMD for D100 was greater in individuals with the CC genotype than in those with the TT genotype or in the combined group of CT and TT genotypes. BMD for P100 was also greater in individuals with the CC genotype than in the combined group of CT and TT genotypes. The differences in BMD for D50 and D100 between individuals with the CC genotype and those with the TT genotype (expressed as a percentage of the larger value) were 6.8 and 4.3%, respectively. The difference in BMD for P100 between individuals with the CC genotype and the combined group of CT and TT genotypes was 1.5%.
The distribution of -512C→T genotypes of FOXC2 was in Hardy-Weinberg equilibrium, and age, height, and body weight did not differ among genotypes, for all women (Table II) . Among all women, BMD for D50, with adjustment for age, height, and body weight, was greater in the combined group of CC and CT genotypes than in individuals with the TT genotype (Table II) . BMD for D100 was greater in individuals with the CC genotype, in individuals with the CT genotype, or in the combined group of CC and CT genotypes than in those with the TT genotype. BMD for the total body was also greater in the combined group of CC and CT genotypes than in individuals with the TT genotype. The differences in BMD for -
, D100, and total body between the combined group of CC and CT genotypes and individuals with the TT genotype were 7.4, 5.1, and 2.1%, respectively.
To examine the possible influence of menopause on the relationship between FOXC2 genotype and BMD, we analyzed premenopausal and postmenopausal women independently. Table III . BMD and other characteristics for premenopausal women (n=281) according to FOXC2 genotype. Characteristic  CC  CT  TT  CT+TT  - 
-----------------------------------------------------------------------------------------------------

a -----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
Because of their small number (n=17), perimenopausal women were excluded from this analysis. The distribution of -512C→T genotypes of FOXC2 was in Hardy-Weinberg equilibrium in premenopausal (Table III) and postmenopausal (Table IV) women. Age and body weight did not differ among genotypes for premenopausal or postmenopausal women. Height was greater in premenopausal women with the CC genotype that in those with the CT genotype (Table III), but it Table IV . BMD and other characteristics for postmenopausal women (n=816) according to FOXC2 genotype. Characteristic  CC  CT  TT  CT+TT  - 
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----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
a BMD is adjusted for age, height and body weight. Data are means ± SE.
b P = 0.0342, c P = 0.0492 versus TT. -
a -----------------------------------------------------------------------------------------------------
did not differ among genotypes for postmenopausal women (Table IV) . For premenopausal women, BMD for D100 or P100 was greater in individuals with the CC genotype or in the combined group of CC and CT genotypes than in subjects with the TT genotype (Table III ). The differences in BMD for D100 and P100 between individuals with the CC genotype and those with the TT genotype were 6.9 and 4.3%, respectively. For postmenopausal women, BMD for D50 or the total body was greater in the combined group of CC and CT genotypes than in individuals with the TT genotype (Table IV) . - 
a BMD is adjusted for age, height, and body weight. Data are means ± SE.
-----------------------------------------------------------------------------------------------------
The differences in BMD for D50 and the total body between the combined group of CC and CT genotypes and individuals with the TT genotype were 9.7 and 2.2%, respectively.
Relationsip between the 1243C→T polymorphism of PLIN and BMD. The distribution of 1243C→T genotypes of PLIN was in Hardy-Weinberg equilibrium, and age, height, and body weight did not differ among genotypes, for all men (Table V) . Among all men, BMD for the total body or lumbar spine, with adjustment for age, height, and body weight, was significantly greater in individuals with the TT genotype than in the combined group of CC and CT genotypes (Table V) . BMD for the femoral neck or trochanter was greater in individuals with the TT genotype than in those with the CC genotype or in the combined group of CC and CT genotypes. BMD for the femoral neck was also greater in individuals with the CT genotype than in those with the CC genotype. The differences in BMD for the total body and lumbar spine between individuals with the TT genotype and the combined group of CC and CT genotypes were 1.9 and 3.6%, respectively. The differences in BMD for the femoral neck and trochanter between individuals with the TT genotype and those with the CC genotype were 5.2 and 4.7%, respectively.
There was no significant relationship between PLIN genotype and BMD for all women (Table VI) . For premenopausal women, BMD for D100 was greater in the combined group of TT and CT genotypes than in individuals with the CC genotype (data not shown). For postmenopausal women, no relationship was detected between PLIN genotype and BMD (data not shown).
Effects of genotypes for FOXC2 and PLIN on BMD.
The effects of -512C→T genotype for FOXC2 and 1243C→T genotype for PLIN on BMD at various sites were evaluated by single regression analysis (Table VII) . This analysis revealed that -512C→T genotype for FOXC2 affected BMD for D50 and D100 in men and BMD for D50 in postmenopausal women, and that 1243C→T genotype for PLIN affected BMD for the femoral neck in men.
Discussion
We have examined the relationship of the -512C→T polymorphism of FOXC2 and the 1243C→T polymorphism of PLIN with BMD at various sites in community-dwelling Japanese women and men. Our results show that the T allele of FOXC2 is associated with reduced BMD in both men and women, and that the C allele of PLIN is associated with this condition in men.
Association of the -512C→T polymorphism of FOXC2 with BMD. FOXC2-deficient mice show multiple defects of skeletal tissue. In the craniofacial skeleton of these animals, for example, the supraoccipital bone is missing and other bones are reduced in size (31, 32) . FOXC2 is expressed in the early stage of chondrogenic differentiation both in vivo and in vitro, and bone morphogenetic proteins regulate FOXC2 expression in skeletal precursor cells (33) . Expression of FOXC2 in mesenchymal condensation and subsequently in cartilaginous tissue, as well as the phenotype of FOXC2-deficient mice, indicate that FOXC2 contributes to the proliferation and differentiation of skeletal cells.
The T allele of the -512C→T polymorphism in the 5' untranslated region of FOXC2 was shown to be associated with enhanced insulin sensitivity and lower plasma triglyceride concentration in women (25) . A higher level of expression of FOXC2 in visceral fat than in subcutaneous fat was also apparent only in individuals homozygous for the T allele. These observations suggest that increased expression of FOXC2 may protect against insulin resistance, and that the -512C→T polymorphism of this gene may influence insulin sensitivity (25) . We have now shown that this polymorphism of FOXC2 is associated with BMD in men and women, with the T allele being related to reduced bone mass. The mechanism responsible for the association of the T allele both with enhanced insulin sensitivity and lower plasma triglyceride concentrations in women (25) and with reduced bone mass in men and women (the present study) remains to be elucidated. The molecular mechanism of the effect of this polymorphism on bone remodeling also remains unclear.
Association of the 1243C→T polymorphism of PLIN with BMD. The AA genotype of the 11,482G→A polymorphism of PLIN (rs894160) was shown to be associated with a decreased PLIN content and increased lipolytic activity in adipocytes of women (34) . Individuals with the 11,482A variant of PLIN were also found to manifest both a lower baseline body weight and resistance to weight loss in response to a low-energy diet (35) . Haplotypes of several polymorphisms of PLIN have been related to the risk of obesity, but the extent of this relationship differs between men and women (36) and among ethnic groups (37) . The 1243C→T polymorphism of PLIN was associated with total cholesterol levels in Chinese (26) . Men with the 1243T variant (CT or TT genotype) had higher plasma concentrations of total cholesterol, high density lipoprotein (HDL)-cholesterol, and LDL-cholesterol than did male CC homozygotes, suggesting that the 1243C→T polymorphism of PLIN may affect lipid metabolism. Our present results show that the 1243C→T polymorphism of PLIN was associated with BMD in men, with the C allele being related to reduced bone mass. This polymorphism was not associated with body weight or body mass index (data not shown) in the present study, making it unlikely that its association with BMD in men was attributable to an effect on these parameters. The mechanism responsible for the association of the C allele with both lower plasma cholesterol concentrations in men (26) and reduced bone mass in men (the present study) remains to be elucidated. The effects of the 1243C→T polymorphism of PLIN on gene expression, the function of the encoded protein, or bone remodeling have not been determined.
Given the multiple comparisons of genotypes with BMD at various sites in the present study, it is not possible to exclude potential statistical errors such as false positives. It is also possible that the polymorphisms associated with reduced BMD in our study are in linkage disequilibrium with polymorphisms of other nearby genes that are actually responsible for the development of this condition. Furthermore, the relevance of the polymorphisms to gene transcription or to protein structure or function and their effects on bone remodeling were not determined in the present study. Despite these limitations, our present results suggest that FOXC2 is a susceptibility locus for reduced BMD in Japanese men and women and that PLIN constitutes such a locus in Japanese men. Determination of genotypes for these polymorphisms may prove informative for assessment of the genetic risk for reduced BMD.
